1. Introduction
===============

In studies of pathogenesis, prophylaxis, and treatment, animal models that mimic human disease and protection from disease are invaluable. Since the outbreak of severe acute respiratory syndrome (SARS) in late 2002 and identification of the etiological agent as a novel coronavirus (SARS-CoV) in 2003, several animal models have been identified for use in such evaluations. Although each model reviewed in this article has some utility in the study of SARS disease and prevention, the kinetics of viral replication and resolution of disease are much more rapid in animal models compared to human infections, and no model fully reflects the spectrum of clinical illness (morbidity and mortality), associated pathology, and viral replication observed in human cases of SARS. Of the animal models that have been employed for evaluating SARS-CoV replication and disease, those models that have been most fully characterized and which offer the best potential for evaluation of prevention and therapeutic strategies are discussed here and include inbred mice, hamsters, ferrets and non-human primates. We also reference other, less well-characterized animal models.

A number of approaches for the development of SARS vaccines have been explored, including inactivated whole-virus, protein subunit, live virus-vectored, DNA-vectored, and combination vaccines. We review the data available on the evaluation of these candidate vaccines.

Lastly, we address the potential for enhanced disease following exposure to SARS-CoV in previously vaccinated animals. The potential for this phenomenon is given special consideration because immunization of kittens with a type-1 coronavirus vaccine against feline infectious peritonitis virus (FIPV) led to exacerbated disease following challenge with FIPV. This has led to concern and speculation about the potential for disease enhancement following use of SARS vaccines.

2. Animal models
================

2.1. Inbred mice
----------------

Several inbred mouse species (BALB/c, C57BL/6 (B6), 129S) have been shown to support SARS-CoV replication and to demonstrate pneumonitis (129S) and clinical signs of SARS disease (aged BALB/c) ([@bib16], [@bib21], [@bib39], [@bib48]). The inbred mouse model has several advantages including small size, cost, availability in large enough numbers for statistical evaluation, and the ability to be manipulated at a genetic level (i.e. to develop gene knock-outs and knock-ins). In addition, immunological reagents are available for studying elements of pathogenesis in many inbred mouse strains.

Following intranasal inoculation under light anesthesia, SARS-CoV replicates in the epithelium of nasal turbinates and lungs of mice as early as 1 day post-infection (p.i.). The peak titer in lungs occurs at days 2--3 p.i., and virus is cleared in most mice by days 5--7 p.i. In young mice, SARS-CoV replication has not been associated with overt signs of clinical illness or pronounced pathology. However, 129S6 mice seem to be slightly more susceptible to disease associated with SARS-CoV infection than are BALB/c or B6 mice, as evidenced by an approximate 8% loss of body weight, with a nadir at days 5--7 p.i., and by the presence of mild interstitial pneumonitis at day 2 p.i. ([@bib21]; authors' unpublished data). Interstitial pneumonitis following SARS-CoV infection has not been previously reported in BALB/c mice when evaluated at days 2, 4 and 9 p.i. ([@bib48]). However, slightly elevated levels of the proinflammatory cytokine TNF-alpha were observed in young BALB/c mice at day 3 p.i. (authors' unpublished data), and upon recent evaluation, young BALB/c mice displayed moderate interstitial pneumonitis on day 3 p.i., comparable to that seen in B6 and Rag1−/− mice ([@bib16], [@bib43]). This pneumonitis is quickly resolved and is not observed on day 4 p.i. This transient inflammation coincides with viral clearance since little viral antigen is observed at or after day 3 p.i., and virus titers in lungs also steadily decline from day 3 p.i. onwards ([@bib48]).

Aged BALB/c mice develop more severe disease than young BALB/c mice in a pattern of age-related severity that mimics observations in the SARS outbreak in humans, where age was a predictor of severe disease and mortality ([@bib39]). In addition to serving as a model of age-related susceptibility to disease, aged BALB/c mice consistently demonstrate several features of an ideal animal model for SARS-CoV studies. In addition to supporting viral replication in respiratory tissues, the aged BALB/c mouse (BALB/cAnNHsd, Harlan) demonstrates clinical signs of illness including weight loss, dehydration, and ruffled fur, and several histopathological findings, i.e. diffuse alveolar damage including edema, hyaline membrane formation, and pneumonitis, that correlate with those reported in autopsies of SARS patients ([@bib39]).

We also examined the susceptibility of aged C57BL/6J (The Jackson Laboratory, B6) and 129S6/SvEvTac (Taconic, 129S6) mice to SARS-CoV infection. Following intranasal inoculation with 10^5^  TCID~50~ of SARS-CoV (Urbani), both B6 and 129S6 aged mice (12--14 months old) had weight loss (∼7% at the nadir) from day 3 through day 5 p.i. that was comparable to that observed in aged BALB/c mice ([@bib39]). The level and kinetics of viral replication in lungs of aged B6 and BALB/c mice following inoculation were also similar. At days 5 and 6 p.i., SARS-CoV-infected B6 mice had 10--70-fold lower titers of virus than BALB/c mice ([Fig. 1](#fig1){ref-type="fig"} ). In contrast, aged 129S6 mice did not support prolonged replication of SARS-CoV as virus was cleared from lungs by day 5 p.i. (data not shown). Nevertheless, early histopathological features in the lungs of aged B6 and 129S6 mice were similar to those seen in aged BALB/c mice following SARS-CoV infection. Changes observed in the lungs at day 3 p.i included perivascular and peribronchiolar mononuclear inflammatory infiltrates, intraluminal necrotic debris in bronchioles comprised of dead respiratory epithelium and inflammatory cells, and small foci of interstitial pneumonitis ([Fig. 2](#fig2){ref-type="fig"}A, C, and E). Viral antigens were detected by immunohistochemical (IHC) staining in the respiratory epithelial cells of bronchioles and in alveolar pneumocytes of all mouse strains at day 3 p.i., but appeared most abundant in the bronchioles of 129S6 mice at this time point ([Fig. 2](#fig2){ref-type="fig"}B, C and F). Varying amounts of mononuclear inflammatory infiltrates persisted around bronchioles and small pulmonary vessels through day 9 p.i.; however, no viral antigens were detected by IHC at this time point. As previously reported, the aged BALB/c mouse has features that would make it an excellent model for evaluation of pathogenesis and vaccine efficacy studies. Based on weight loss and histopathological analyses, we believe that aged B6 and 129S6 mice may provide additional models for the study of age-dependent susceptibility to SARS-CoV. However, the drawback to widespread utility of the aged mouse model is the difficulty in procuring large numbers of mice that are over 12 months of age.Fig. 1Replication of SARS-CoV in lungs of aged B6 and BALB/c mice. B6 and BALB/c mice (*N* = 15 per strain, aged 12--14 months) were intranasally infected with SARS-CoV (10^5^ TCID~50~/mouse) at day 0. Five mice per strain were sacrificed at days 2, 5 and 6 post-infection. Bars (hatched = B6; open = BALB/c) indicate the mean titer of virus detected in 10% (w/v) lung homogenates by 50% tissue culture infectious dose (TCID~50~) assays on Vero cell monolayers. Error bars indicate standard error. Dashed line indicates limit of detection, 10^1.5^ TCID~50~/g lung.Fig. 2Histopathologic features of infection with SARS-CoV in the lungs of aged 129S6, B6 and BALB/c mice at 3 days post-infection. (A) Florid perivascular and peribronchiolar inflammatory cell infiltrates comprised predominantly of mononuclear cells (strain 129S6, original magnification 25×). (B) Abundant SARS-CoV antigens (red) in the cytoplasm of bronchiolar epithelial cells (strain 129S6, original magnification 50×). (C) Necrotic respiratory epithelium and inflammatory cells in the lumen of a small pulmonary bronchiole (strain BL6, original magnification 50×). (D) Immunohistochemical staining of the same section in C, showing scattered SARS-CoV antigens in the intraluminal debris. (E) Focus of interstitial inflammatory cell infiltrate (strain BALB/c, original magnification 50×). (F) SARS-CoV antigen in alveolar pneumocytes adjacent to a bronchiole (strain BALB/c, original magnification 50×). Hematoxylin and eosin stain (A, C, E); immunoalkaline phosphatase with naphthol fast-red substrate and hematoxylin counterstain (B, D, F).

Although a few strains of mice with targeted deletions of genes have been evaluated following SARS-CoV infection including Rag1−/−, CD1−/−, and Beige mice ([@bib16]), the only strain with a notable clinical course or histopathological outcome different from wild-type strains of mice are STAT1−/− mice in the 129S background ([@bib21]; authors' unpublished data). These mice support prolonged viral replication in the lungs with accompanying pathology, viremia, and dissemination of virus to the liver and spleen. These mice are suitable for pathogenesis studies and evaluation of antiviral agents. Other wild-type strains of inbred mice are suitable for studies of immunopathology, immunogenicity and efficacy of vaccine candidates.

2.2. Golden Syrian hamsters
---------------------------

The golden Syrian hamster (strain LVG, Charles River Laboratories; <http://www.criver.com/research_models_and_services/research_models/LVG_Hamsters.html>) is an excellent model for SARS-CoV infection because viral replication is accompanied by pathological changes in the lungs including pneumonitis and consolidation ([@bib40]). Following intranasal inoculation with 10^3^  TCID~50~ SARS-CoV, hamsters support viral replication in the nasal turbinates and lungs. Peak viral replication in the lungs occurs at day 3 p.i. and is cleared by day 7 p.i. Virus titers in nasal turbinates are about 10--100-fold lower than in lungs, but are detectable through day 14 p.i. Viremia is detected 2--3 days p.i.; and virus can be recovered from the spleen and liver. Histopathological changes in the lungs accompany SARS-CoV infection of hamsters. By day 3 p.i., focal areas of interstitial inflammation and consolidation are visible. At day 5 p.i., inflammation is more pronounced and consolidation is more widespread. Consolidation continues through day 7 p.i. and involves 30--40% of the surface area of the lung. By day 21 p.i., pathological changes in the lung have resolved ([@bib40]).

Although histopathological signs of disease are pronounced, clinical symptoms of disease have been difficult to identify in hamsters. However, use of exercise wheels to evaluate overnight activity demonstrates that hamsters infected with SARS-CoV are less active from day 2 through day 7 p.i. than they were prior to infection or compared to uninfected or mock-infected animals ([Table 1](#tbl1){ref-type="table"} ). This is the first objective evidence of clinical illness in hamsters.Table 1Reduced activity in SARS-CoV-infected hamstersInoculation groupAverage no. of revolutions per hour ± S.E.Prior to infectionDays 2--4 p.i.Days 9--10 p.i.SARS-CoV Urbani865 ± 2561 ± 23770 ± 5Mock-infected946 ± 21726 ± 46[^1]

2.3. Evaluation of various strains of SARS-CoV in hamsters
----------------------------------------------------------

Several strains of SARS-CoV have been evaluated in the hamster model, including Urbani (GenBank no. [AY27874](AY27874)), HKU-39849 (HK-39; GenBank no. [AY278491](AY278491)), Frankfurt 1 (Frk-1; GenBank no. [AY291315](AY291315)) and a recombinant SARS-CoV infectious clone (ic) expressing the spike protein of GD03T0013 (GenBank no. [AY525636](AY525636)) (icGD03; [@bib11]). Primary intranasal infection with 10^3^  TCID~50~/hamster with SARS-CoV (Urbani, HK-39 or Frk-1) results in virus titers of \>10^7^  TCID~50~/g of lung by day 2 p.i. ([Fig. 3](#fig3){ref-type="fig"}A--C), whereas primary infection with icGD03 results in significantly lower titers (10^4^  TCID~50~/g on day 2 p.i.) ([Fig. 3](#fig3){ref-type="fig"}D). Our findings suggest that compared with the Urbani strain, icGD03 is slightly attenuated in the hamster model with a 1000-fold reduction in peak virus titers in the lungs following infection, and that SARS-CoV Frk-1 may be slightly more virulent than other strains. Although dose-dependent mortality was not observed, 3 of 20 hamsters died following infection with SARS-CoV Frk-1, and peak virus titers in lungs are higher than peak virus titers following infection with Urbani or HK-39. However, the difference in peak virus titer did not achieve statistical significance ([Fig. 3](#fig3){ref-type="fig"}A--C). Histopathological findings in lungs following infection with SARS-CoV (HK-39 or Frk-1) are indistinguishable from those reported following infection with SARS-CoV (Urbani) ([Fig. 4](#fig4){ref-type="fig"} ). The spike proteins of the SARS-CoV Urbani and HK-39 isolates are identical in amino acid sequence, and the Frk-1 spike protein sequence differs from these by only one amino acid in the S2 domain (L1148F). Antibodies detected in hamster sera following primary SARS-CoV infections cross-neutralize the various virus strains and homologous viruses to comparable degrees (Urbani, Frk-1 and HK-39: ∼1:500 to 1:1000), and hamsters infected with each of these strains of SARS-CoV are protected from re-infection with the homologous virus or heterologous viruses ([Fig. 3](#fig3){ref-type="fig"}A--D).Fig. 3Primary replication and replication after challenge of SARS-CoV in hamster lungs. Golden Syrian hamsters (50--55 days old) were intranasally inoculated with one of four SARS-CoV strains (A) HK-39 (*N* = 16), (B) Urbani (*N* = 16), (C) Frk-1 (*N* = 16), and (**D)** icGD03 (*N* = 12) of SARS-CoV (10^3^ TCID~50~/hamster). For evaluating viral replication following primary (1°) infection, four hamsters per strain (three hamsters for icGD03) were sacrificed at day 2 post-infection. For evaluation of protection from secondary (2°) infection, the remaining hamsters were challenged 28 days after 1° infection with the indicated homologous or heterologous strain of SARS-CoV (*N* = 4 per group; or *N* = 3/group for icGD03; 10^3^ TCID~50~/hamster) and sacrificed 2 days later. Bars indicate the mean titer of virus detected in 10% (w/v) lung homogenates by TCID~50~ assay on Vero cells (1° = day 2 after initial infection; 2° = day 2 after challenge). Error bars indicate standard error. Dashed line indicates limit of detection, 10^1.5^ TCID~50~/g lung.Fig. 4Pathology in lungs of golden Syrian hamsters following SARS-CoV infection. Lungs from SARS-CoV-infected (Urbani, A and B; Frankfurt-1, C and D; HKU-39849, E and D) hamsters at day 5 p.i. show confluent pneumonic consolidation (hematoxylin-and-eosin stain, A, C, and E), and SARS-CoV antigens (IHC assays, antigen in red; B, D, and F) in consolidated areas (asterisk) and bronchial epithelium (arrows). Original magnifications: 25× (A, C and E); 50× (B, D and F).

Although hamsters are not an inbred species, the level of genetic variability among golden Syrian hamsters is limited because they have been a closed, outbred colony since 1951. Furthermore, since hamsters demonstrate high levels of viral replication, pronounced and widespread histopathological findings in the lungs, and some clinical evidence of infection ([Table 1](#tbl1){ref-type="table"}), they are suitable for vaccine efficacy, immunoprophylaxis and treatment studies. Although the availability of immunological reagents for the hamster are limited, the use of real-time RT-PCR to study cytokine and chemokine responses following infection may reveal mechanisms of pathogenesis in this model and will lead to a better understanding of the pathogenesis of SARS in humans.

2.4. Ferrets
------------

Ferrets (*Mustela furo*) support SARS-CoV replication and develop multifocal pulmonary lesions involving 5--10% of the surface area of the lung ([@bib54]). Ferrets infected with 10^3^ or 10^4^  TCID~50~ sustain virus replication at 10^6^  TCID~50~/mL at day 4 p.i. ([@bib30], [@bib54]) Two groups of investigators have utilized the ferret model with somewhat different findings ([@bib30], [@bib54], [@bib62]), suggesting that this model needs further characterization for vaccine efficacy and immunoprophylaxis studies. Clinical symptoms following SARS-CoV infection were reported in one study ([@bib30]) but not in two others ([@bib54], [@bib62]). Additional studies would help define the biological variability of this outbred species and the potential contribution of co-pathogens to the variability observed between the different studies. Finally although the ferret model has been used successfully for immunotherapy and prophylaxis studies ([@bib54]), further evaluation is needed to understand the poor efficacy and immunogenicity seen in MVA-vectored, SARS-vaccinated ferrets ([@bib62]) compared to that observed in other animals immunized with a similar vaccine ([@bib1], [@bib5]).

2.5. Non-human primates (NHP)
-----------------------------

NHPs support viral replication and pneumonitis with variable clinical symptoms and pathology, depending upon the species. Various strains of SARS-CoV, including Urbani, PUMC-01 and HKU-39849, have been evaluated in rhesus macaques ([@bib31], [@bib36], [@bib44]), cynomolgus macaques ([@bib13], [@bib27], [@bib28], [@bib31], [@bib37], [@bib44]), common marmosets ([@bib18]), African green monkeys ([@bib31]), squirrel monkeys and mustached tamarins. Squirrel monkeys and mustached tamarins were not susceptible to SARS-CoV Urbani infection (authors' unpublished data). Virus was not detected in the respiratory tract following inoculation and monkeys did not develop antibodies to SARS-CoV. All other NHP species studied were susceptible to infection to variable degrees. Of these susceptible species, no single model is preferred to any other. Each support viral replication in lungs ([Table 2](#tbl2){ref-type="table"} ) and viral shedding in respiratory secretions and most develop some histopathological changes consistent with human infections including infection of type I and type II pneumocytes and diffuse alveolar damage. Few vaccine candidates have been evaluated in NHPs. The vaccines that were evaluated in NHPs were efficacious in reducing titers of wild-type SARS-CoV challenge virus replication and/or histopathological changes in immunized animals compared to mock-immunized controls. Due to individual variation in responses of outbred animals, small groups of monkeys (*N*  = 4 or 5) are not large enough to evaluate statistical outcomes in these studies. Therefore, special considerations should be given before conducting vaccine efficacy studies in NHPs. Challenge studies should be conducted in large numbers (*N*  = 10--12 per group), and consideration should also be given to the history of the animals used, utilizing the highest quality of monkeys (avoiding those that have had free-range periods in life or those that are known to be infected with co-pathogens) available ([@bib42]). In vaccine efficacy studies, immunological responses should also be evaluated. Due to the lack of available immunological reagents (including micro-array assays) for other NHP species, rhesus and cynomolgus macaques are likely to be the most informative of the non-human primate models for continued SARS research. Despite the limitations of NHP models, evaluation of vaccine candidates in NHPs may be necessary to proceed to clinical studies. The cost for large studies that will provide the needed sample size and the other special considerations mentioned will limit these vaccine efficacy studies to the most promising candidates.Table 2Pulmonary replication of SARS-CoV in various animal modelsModel (species)Input virus (dose)Viral titer (per gram) achieved in lungPeak virus titer (day p.i.)Reference(s)Mouse (BALB/c)Urbani (10^5^ TCID~50~)10^7^ TCID~50~2[@bib39], [@bib48]  Mouse (129SvEv)Tor2 (10^7^ TCID~50~)10^6^ TCID~50~3[@bib21]Urbani (10^5^ TCID~50~)10^6^ TCID~50~3Authors' unpublished data  Mouse (C57BL6)Urbani (10^4^ TCID~50~)10^7^ TCID~50~3[@bib16]  Hamster (golden Syrian)Urbani10^7^ TCID~50~2[@bib40] and authors' unpublished dataHKU-3984910^7^ TCID~50~Frankfurt 110^8^ TCID~50~icGD03 (10^3^ TCID~50~)10^4^ TCID~50~  FerretHKU-39849 (10^3^--10^6^ TCID~50~)10^6^ TCID~50~[a](#tbl2fn1){ref-type="table-fn"}**4** and 7[@bib30], [@bib54]NHP (cynomolgus)HKU-39849 (10^6^ TCID~50~)10^5.5^ TCID~50~[a](#tbl2fn1){ref-type="table-fn"}^,^[b](#tbl2fn2){ref-type="table-fn"}**6**[@bib27][c](#tbl2fn3){ref-type="table-fn"}NHP (AGM)Urbani (10^6^ TCID~50~)10^7.2^ TCID~50~[a](#tbl2fn1){ref-type="table-fn"}^,^[d](#tbl2fn4){ref-type="table-fn"}**2** and 4[@bib31]NHP (rhesus)PUMC01 (10^5^ TCID~50~)NR[a](#tbl2fn1){ref-type="table-fn"}^,^[e](#tbl2fn5){ref-type="table-fn"}2, 5, and 7[@bib36]NHP (marmoset)Urbani (10^6^ TCID~50~)ND[f](#tbl2fn6){ref-type="table-fn"}2 and 4[@bib18][^2][^3][^4][^5][^6][^7]

2.6. Summary of animal models
-----------------------------

Although additional reports exist on other animal models such as farmed masked palm civets, guinea pigs, and voles ([@bib6], [@bib15], [@bib65]), there are insufficient data available on these models to recommend their use in the evaluation of SARS-CoV vaccines and antiviral drugs. Use of these models in such evaluations would necessitate a thorough characterization of the model, including viral replication data and histopathological analysis of SARS-CoV- and mock-infected animals. Different species may prove useful for studying different aspects of SARS-CoV, and the study of pathogenesis may best be addressed in several species for which tools are available for immunological analysis, whereas vaccines and antivirals may be studied in models that allow large enough numbers for statistical evaluation.

The best animal model would be one that mimics human disease including features such as comparable levels of mortality to that seen in humans (∼10%) and increased susceptibility in older animals. It would likely be possible to develop such a model by increasing virulence of SARS-CoVs for various species, as has been done for influenza A, influenza B and Ebola viruses. Such efforts are underway in mice and NHPs.

3. Vaccines and immunotherapy for SARS
======================================

Although all the correlates of protection from SARS associated disease have not been identified in human infections, neutralizing antibodies directed at SARS-CoV spike (S) protein are present in convalescent human serum ([@bib75]) and have been detected in experimentally infected animals ([@bib13], [@bib30], [@bib31], [@bib36], [@bib39], [@bib40], [@bib44], [@bib48], [@bib62], [@bib65]). In animal studies, neutralizing antibody provides protection from re-infection with SARS-CoV ([@bib48]).

3.1. Immunoprophylaxis and therapy
----------------------------------

Prophylactically administered monoclonal antibodies specific to the SARS spike protein and passive transfer of SARS-CoV hyper-immune sera to naive mice ([@bib17], [@bib48], [@bib49], [@bib56], [@bib59]), hamsters ([@bib41]) and ferrets ([@bib54]) prevent or reduce SARS-CoV replication and associated disease following challenge. Monoclonal antibodies specific to the SARS spike protein administered therapeutically (i.e. after the onset of infection) prevent further increase in viral burden and reduce associated disease (e.g. consolidation) in hamsters ([@bib41]). Sera from mice immunized with recombinant spike protein, inactivated whole SARS-CoV, live-viral vectored vaccines expressing the spike protein (VSV-S or MVA-S) or DNA vaccines (expressing SARS-S and -M proteins) have been shown to contain neutralizing antibodies to SARS-CoV ([Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"} ). Passive transfer of these immune sera to naive mice prevents infection with SARS-CoV ([@bib1], [@bib26], [@bib47], [@bib67]). Although cell-mediated immunity may have a protective role in viral clearance or resolution of disease in the human population, antibody alone has been shown to have both prophylactic and therapeutic benefits in animal models. The data from several studies strongly suggests that an effective SARS-CoV vaccine will be one that induces high and sustained levels of neutralizing antibodies and that administration of neutralizing MAbs specific to the SARS-CoV spike protein may be a useful strategy in post-exposure treatment and prophylaxis in at risk populations.Table 3Neutralizing titers achieved following vaccination withVaccine administeredReciprocal neutralizing titer (log~2~)Pre-bleed and Post-dose 1Post-dose 2Post-dose 3Recombinant protein vaccine ([@bib2]) Spike[a](#tbl3fn1){ref-type="table-fn"} + adjuvant[b](#tbl3fn2){ref-type="table-fn"}\<38.310.0 L1R[c](#tbl3fn3){ref-type="table-fn"} + adjuvant[b](#tbl3fn2){ref-type="table-fn"}\<3\<3\<3  Inactivated, whole-virus vaccine ([@bib47]) BPL-SARS[d](#tbl3fn4){ref-type="table-fn"} + saline\<3\<36.0 BPL-SARS[d](#tbl3fn4){ref-type="table-fn"} + adjuvant[e](#tbl3fn5){ref-type="table-fn"}\<36.59.3 BPL-Flu[d](#tbl3fn4){ref-type="table-fn"} + adjuvant[e](#tbl3fn5){ref-type="table-fn"}\<3\<3\<3[^8][^9][^10][^11][^12]Table 4Summary of SARS-CoV vaccine candidates that have demonstrated immunogenicity or efficacyAnimal modelImmunogen[a](#tbl4fn1){ref-type="table-fn"}Vaccine typeEvaluationChallenge virus used in efficacy studiesReferencesMouseSpikeRecombinant protein (baculovirus)EfficacyUrbani[@bib2]±QS21±MPL/TDM[b](#tbl4fn2){ref-type="table-fn"}BPL(BJ01)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}Neutralizing AbsND[@bib53]±Al(OH)~3~BPL-(FRA)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}EfficacyUrbani[@bib47]±MF59BPL-(Tor2)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}EfficacyTor2[@bib45]Formaldehyde (GZ50)Inactivated WVNeutralizing AbsND[@bib38]±alum[d](#tbl4fn4){ref-type="table-fn"}±CpG±CTB[e](#tbl4fn5){ref-type="table-fn"}Formaldehyde (F69)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}Neutralizing AbsND[@bib66], [@bib74]±Freund\'s±Al(OH)~3~±CpGUV (HKU-39849)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}Neutralizing AbsND[@bib52]±alum[d](#tbl4fn4){ref-type="table-fn"}Formaldehyde + UV (Utah)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}EfficacyUtah[@bib46]±Al(OH)~3~DNA-SpikeDNAEfficacyUrbani[@bib67]DNA-spikeCombinationNeutralizing AbsND[@bib64]±S peptideDNA-SpikeCombinationNeutralizing AbsND[@bib71]BPL(Tor2) + alum[d](#tbl4fn4){ref-type="table-fn"}VSV-SLive-vectoredEfficacyUrbani[@bib26]MVA-SEfficacy Neutralizing AbsUrbani[@bib1]MVA-SNeutralizing Abs EfficacyND[@bib5]RV-SND[@bib12]AdS/N (Tor2)Tor2[@bib45]  HamsterSpike-(HKU-39849) ± Al(OH)~3~Recombinant proteinEfficacyUrbani[@bib25]BHPIV3-SLive-vectoredEfficacyUrbani[@bib3]  RabbitDNA-spikeDNANeutralizing AbsND[@bib58]FerretrMVA-S (Tor2)Live-vectoredEfficacyTor2[@bib61]  NHP[f](#tbl4fn6){ref-type="table-fn"} Cyno.BPL(BJ01) ± Al(OH)~3~Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}EfficacyBJ01[@bib37] RhesusBPL(BJ01) ± alum[d](#tbl4fn4){ref-type="table-fn"}Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}EfficacyGD01[@bib37] RhesusFormaldehyde (ZJ01)Inactivated WV[c](#tbl4fn3){ref-type="table-fn"}EfficacyNS1[@bib78] RhesusMVA-SLive-vectoredEfficacyPUMC01[@bib5] RhesusAdS/N/MLive-vectoredNeutralizing AbsND[@bib14] AGMBHPIV3-SLive-vectoredEfficacyUrbani[@bib4][^13][^14][^15][^16][^17][^18]

3.2. Recombinant protein and inactivated whole-virus vaccines
-------------------------------------------------------------

The safety of vaccines should always be of paramount consideration and must always be empirically determined. Recombinant protein vaccines are well accepted as being among the safest vaccines although they are not always cost-effective. Recombinant protein vaccines are excellent at eliciting sterilizing immunity that can last up to several years depending upon the immunogenicity of the protein. These vaccines do not carry the risks of incomplete inactivation, genetic recombination with circulating viruses, or reversion to virulent phenotypes. Recombinant proteins are often also very stable. Furthermore, adjuvants such as aluminum salts (Al(OH)~3~ and Al~2~(SO~4~)~3~ or alum) or a squalene emulsion (MF59) (licensed for use in the US and Europe, respectively) may be added to the formulation of protein-based vaccines to increase immunogenicity.

The SARS-CoV spike (S) protein has been identified as the major target of neutralizing antibodies ([@bib3], [@bib35], [@bib50], [@bib58], [@bib69], [@bib72], [@bib73], [@bib76], [@bib77]). One study demonstrated neutralizing antibodies specific for the membrane (M) protein ([@bib35]). The role of antibodies specific to the SARS-S protein in conferring protection has also been well established ([@bib17], [@bib41], [@bib48], [@bib50], [@bib54], [@bib56], [@bib59]). As such, vaccines containing recombinant SARS spike proteins or neutralizing epitopes of the spike protein should be fairly attractive. In fact, spike protein and trimers of spike proteins have been expressed from baculovirus or semliki-virus-defective particle expression systems, respectively, and were evaluated for their safety, immunogenicity and efficacy in murine and hamster models ([@bib2], [@bib25]). These proteins have demonstrated excellent immunogenicity ([Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"}) and efficacy in protection from challenge in animal models.

Inactivated, whole-virus vaccines have also been shown to be immunogenic and efficacious ([Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"}). Like recombinant protein vaccines, these vaccines contain substantial amounts of the spike protein, and they elicit neutralizing antibodies at levels similar to those elicited by recombinant protein vaccines ([Table 3](#tbl3){ref-type="table"}) that confer protection from subsequent challenge in vaccinated animals. Like recombinant protein vaccines, inactivated, whole-virus vaccines would likely have a relatively stable formulation. Potential benefits of inactivated, whole-virus vaccines over recombinant protein vaccines are that the conformation of the spike protein may be maintained and that antibodies to other viral proteins may contribute to protective immunity. Major disadvantages of inactivated, whole-virus vaccines would be the need to work with whole infectious virus in the preparation of the vaccine and the potential for incomplete inactivation in the processing and manufacturing of the vaccine.

3.3. Vectored vaccines
----------------------

Although vaccines that elicit both humoral and cellular immunity may provide theoretical advantages, vaccines that produce a neutralizing antibody response may be sufficient for protection from SARS-CoV infection. Convalescent human sera had a mean plaque reduction neutralization titer of 1:61 with a normal distribution of titers around the mean ([@bib75]) but the titer of neutralizing antibodies necessary to achieve protection in a human population exposed to SARS-CoV is not known. A recombinant-, DNA-, or live-vectored vaccine, or a combination of these, have the advantage that laboratory workers are not exposed to live SARS-CoV during vaccine production.

Although DNA vectors have potential to be safe, stable and relatively inexpensive vaccines, they have not been proven to be highly efficacious or immunogenic in humans. When DNA vaccines expressing the SARS-S protein were evaluated in mice, they stimulated both humoral and cell-mediated immunity ([@bib60], [@bib67]) and were efficacious. Antibodies to the S gene were responsible for protection ([@bib67]). SARS-CoV DNA vaccines have demonstrated greater potential in prime-boost regimens in species in which robust immunity is not induced by a DNA vector alone ([Table 4](#tbl4){ref-type="table"}). However, such combinations may lessen the economic benefit of a DNA-vector approach and necessitate licensure of more than one vaccine for human use.

Several live viruses have been tested as vectors to express SARS-CoV proteins, including BHPIV3, MVA, VSV and adenovirus ([Table 4](#tbl4){ref-type="table"}). Not all vectors were equally immunogenic, and efficacy data were not available from all the studies. Nevertheless, those vectors that elicited neutralizing antibodies and protective immunity were those that expressed the spike protein of SARS-CoV. Vectors expressing other SARS-CoV proteins including M and N did not confer protection from challenge with SARS-CoV, and the addition of the M and N genes did not enhance the immunogenicity or efficacy or the vaccine encoding the spike protein alone ([@bib3]). In senescent mice, immunization with a vectored vaccine expressing the SARS-CoV N protein alone, or with co-administered spike protein. Enhanced pathology was seen following challenge ([@bib11]). A summary of the vectored vaccines tested, their immunogenicity and protective efficacy and the animal models in which they were tested are listed in [Table 4](#tbl4){ref-type="table"}. Of all the live-vectored vaccines tested to date, only one construct (MVA-S) was variably immunogenic and variably efficacious. In ferrets, vaccination with this vector did not confer protection and may have led to formation of hepatic lesions following challenge with SARS-CoV. These findings contrast with other data reported using a MVA-S-vectored vaccine in mice and rhesus macaques where they were significantly immunogenic and efficacious. It is possible that the immunogenicity of MVA-vectored vaccines, like DNA vaccines varies in different species.

3.4. Combination vaccines
-------------------------

Finally, combination vaccines may prove to be more immunogenic than DNA vaccines, inactivated vaccines, or vectored vaccines alone. A thorough study of a combination of DNA and peptide vaccines demonstrated that such a regimen greatly enhanced the neutralizing antibody response to the SARS-S protein ([@bib64]). However, the complexity of developing two systems and requiring a prime/boost regimen are disadvantages in comparison to a single immunization with a highly immunogenic vaccine. One may question whether a more complex regimen is warranted if a single vaccine administered once can produce sterilizing immunity.

4. The potential for enhanced disease following use of SARS vaccines
====================================================================

4.1. Enhancement of disease *in vivo* with the type-1 coronavirus FIPV and other viruses
----------------------------------------------------------------------------------------

Enhanced disease and mortality have been observed in kittens immunized against feline infectious peritonitis virus (FIPV), a type-I coronavirus, when they were subsequently exposed to FIPV ([@bib57], [@bib63]). Enhanced disease associated with FIPV is not well understood but apparently is mediated by sub-neutralizing antibodies that facilitate viral entry into macrophages via an Fc-receptor-mediated mechanism ([@bib9], [@bib10], [@bib22], [@bib23], [@bib33], [@bib34]). In the absence of serotype-specific protective antibodies or in the presence of low levels or sub-neutralizing levels of virus specific antibody, other human viruses including respiratory syncytial virus (RSV) and dengue virus demonstrate enhanced disease upon re-infection ([@bib7], [@bib8], [@bib19], [@bib24], [@bib32], [@bib51]). Disease enhancement in cases of RSV occurs in the absence of protective titers of antibodies and is likely mediated by cellular immune responses that lead to immunopathology. Antibody dependent entry observed in dengue virus infections is similar to that which occurs in FIPV infection. In dengue virus infections, antibody enhanced entry occurs after previously infected individuals are re-infected with a second serotype of dengue virus. The antibodies to the first serotype of dengue virus are not protective against the second serotype, and virus entry into susceptible cells is facilitated through Fc-receptor-mediated mechanisms by these non-protective antibodies.

Although SARS-CoV antigen and nucleic acid have been detected in pulmonary macrophages in lungs from infected humans and experimentally infected animals, it is unclear whether this is due to phagocytosis of virions or to antibody- or receptor-mediated viral entry ([@bib29], [@bib70]). Macrophages infected *ex vivo* do not support replication of SARS-CoV, a type-II coronavirus. However, as discussed below, there are some *in vitro* data to suggest that enhanced entry of SARS-CoV into susceptible cells may occur in the presence of non-neutralizing or sub-neutralizing levels of antibodies.

4.2. Enhancement of viral entry *in vitro*
------------------------------------------

Pseudo-typed lentiviruses, expressing the spike protein from a SARS-CoV isolated from civet cats, have demonstrated enhanced entry into a human renal adenocarcinoma cell line 786-O when incubated with antibodies to human SARS-CoV isolates ([@bib69]). Enhancement was not observed with pseudo-typed viruses expressing the spike protein of a human SARS-CoV isolate. Enhancement has only been demonstrated at the level of virus entry and not in virus replication, and it is yet to be determined if enhanced replication occurs in the presence of sub-neutralizing levels of antibodies. Furthermore, these *in vitro* findings have not been linked to any known component of human disease or infection *in vivo* in animal models; this phenomenon has only been reported with pseudo-typed viruses and has not been observed with human isolates of SARS-CoV; and these observations in 786-O cells were not reproducible according to [@bib20]. Further *in vitro* experiments examining productive or enhanced SARS-CoV (HK-39) replication in differentiated human macrophages in the presence or absence of SARS-specific antibodies demonstrated that SARS-CoV was able to enter these cells and that entry was not enhanced by antibody to SARS-CoV. Viable virus was not recovered from these macrophage cultures two days after viral entry, and qRT-PCR analysis showed little to no viral replication in these cells ([@bib55]). *Ex vivo* experiments examining SARS-CoV (Urbani and mouse-adapted strain MA15, [@bib43]) replication in primary murine (BALB/c, BL/6 and 129S6 strains) macrophages, isolated from the lungs, spleen and peritoneum, failed to demonstrate productive infection as well (Roberts et al., unpublished data).

4.3. Enhancement of disease *in vivo* with SARS-CoV
---------------------------------------------------

Several experiments have evaluated SARS-CoV infection in various animal models in the presence of neutralizing and sub-neutralizing levels of SARS-antisera or MAbs specific to SARS-CoV S protein. Evidence of disease enhancement has not been seen in any of the studies where appreciable levels of neutralizing antibodies were achieved following vaccination (See references in [Table 4](#tbl4){ref-type="table"}). Furthermore, enhanced disease has not been reported in respiratory tissues or in GI tissues, which are the primary sites of viral replication in SARS-CoV infection*.* In a single set of experiments ([@bib61]), ferrets were immunized with MVA-SARS-S via interperitoneal and subcutaneous routes with 10^8^  pfu of vaccine per ferret at day 0, boosted with the same regimen at day 14, and challenged intranasally with 10^6^  pfu/ferret of SARS-CoV (Tor2) at day 28. MVA-SARS-S vaccinated ferrets demonstrated low levels of neutralizing antibodies to SARS-CoV 1 week after the booster immunization (i.e. day 21; titer 1:40 or less). Strangely, neutralizing antibodies in this group were not detectable at day 28 (\<1:20), prior to challenge and no significant difference was observed in the level of virus detected in pharyngeal swabs from animals vaccinated with MVA-SARS-S and control animals following challenge with SARS-CoV. Foci of hepatic necrosis were observed in MVA-SARS-S-vaccinated animals and to a lesser extent, in animals immunized with the MVA vector alone or PBS. It is unclear why the MVA-SARS-S vaccine was so poorly immunogenic (indicated by low level and transient detection of neutralizing antibodies) in ferrets since a similar vaccine was immunogenic and efficacious in mice and NHPs. It is also unclear why a memory antibody response was observed in MVA-SARS-S-immunized animals but was unable to neutralize virus or clear virus from these ferrets any faster than virus was cleared from mock-immunized ferrets. The possibility of co-pathogens as a cause for hepatitis was not examined, and it is possible that co-pathogens might have played a role in the observations reported in these ferrets. It is also possible that the observed phenomenon may be limited to a specific vector (MVA) or animal model (ferrets). Finally, although elevated levels of liver enzymes following SARS-CoV infection have been reported in human cases of SARS, hepatitis was rarely if ever reported in SARS patients ([@bib68]). Therefore, it is difficult to interpret the findings of hepatitis in ferrets and to determine if these findings have any relevance to the possibility of disease enhancement in SARS-vaccinated animals. Although unconfirmed, it may be possible that hepatic lesions observed in this study occur through cell-mediated mechanisms similar to that observed in the lungs in RSV infection following the use of a formalin inactivated vaccine. The finding of hepatitis following use of this MVA-vectored vaccine in ferrets merits further evaluation.

5. Summary
==========

Although all of the correlates of immunity are not known for human cases of SARS or for current SARS animal models, much is now known about generating protection against SARS-CoV infection. Vaccines and monoclonal antibodies specific to SARS-CoV spike protein are highly efficacious in prophylaxis. Although concerns regarding potential enhancement of disease in previously vaccinated animals are being addressed experimentally, the body of literature supporting complete and partial protection in several animal models following a variety of vaccine strategies suggests that a successful SARS vaccine can be made.
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[^1]: Golden Syrian hamsters, 5--10 weeks old, were allowed to run overnight in an ABSL3 animal containment facility under a biosafety cabinet on a Nalgene activity wheel for rodents equipped with a magnetic switch with LCD counter that counts whole revolutions (Fisher Scientific). Two to five nights prior to inoculation and one to ten nights following inoculation, hamsters were allowed to run and the number of revolutions was recorded and reported as an average of revolutions per hour; average run time 14 h/night. Each activity wheel was in a separate cage; one hamster per cage; water and food were available *ad libitum*. Hamsters were rested on alternate nights.

[^2]: Time corresponding to peak virus titer has not been determined; titers, if given, are for indicated day in bold-type, other days sampled are also given.

[^3]: Two of four macaques had undetectable levels of virus by viral titration assays; one had a titer of 10^5^ TCID~50~ and one a titer of 10^6^ TCID~50~/ml.

[^4]: Additional studies: [@bib13] reported virus in lung tissue by tissue culture (actual titer not reported) in one of two infected macaques, euthanized at day 6 p.i.; [@bib31] reported peak virus titers in tracheal lavage samples at 10^1.1^ TCID~50~/g on day 2 p.i. in one of four macaques; [@bib28] reported detection of virus genome by RT/PCR in pharyngeal swabs intermittently at days 2--10 p.i. in eight of eight macaques tested.

[^5]: Peak titers were detected in right lobes of the lung and were much higher that titers from tracheal lavage samples collected on the same day.

[^6]: NR: not reported; five of eight macaques had virus isolated from combined nose and throat swabs, but actual titers are not reported.

[^7]: ND: none detected; virus was not isolated but viral genome was detected in lung homogenates by RT/PCR at the indicated times.

[^8]: 10 μg/dose, s.c.

[^9]: Adjuvant = QS21 (saponin).

[^10]: L1R = vaccinia virus L1R protein.

[^11]: 5 μg total protein/dose, s.c.

[^12]: Adjuvant = MF59 (oil-in-water emulsion).

[^13]: The SARS-CoV strain that was used as the immunogen is designated in parentheses. If strain is not designated it is the Urbani strain. Urbani ([AY278741](AY278741)); Tor2 ([AY274119](AY274119)); FRA ([AY310120](AY310120)); Utah ([AY714217](AY714217)); HKU-39849 ([AY278491](AY278491)); BJ01 ([AY278488](AY278488)); NS1 ([AY508724](AY508724)); ZJ01 ([AY297028](AY297028)); GD01 ([AY278489](AY278489)); GZ50 ([AY304495](AY304495)).

[^14]: Sigma--Aldrich \#M6536: 0.5 mg monophosphoryl lipid A (detoxified endotoxin) from *S. minnesota* (MPL) and 0.5 mg synthetic trehalose dicorynomycolate (TDM) in 2% oil (squalene)--Tween 80--water.

[^15]: WV: whole-virus.

[^16]: alum: Al~2~(SO~4~)~3~.

[^17]: CTB: cholera toxin B subunit.

[^18]: NHP: non-human primate; Cyno.: cynomolgus macaque (*Macaca fascicularis)*, Rhesus: rhesus macaque (*Macaca mulatta*), AGM: African green monkey (*Cercopithecus aethiops* or *Chlorocebus sabaeus*).
